Abstract.-DNA sequences from 195 squamate reptiles indicate that mitochondrial gene order is the most reliable phylogenetic character establishing monophyly of acrodont lizards and of the snake families Boidae, Colubridae, and Viperidae. Gene order shows no evidence of evolutionary parallelisms or reversals in these taxa. Derived secondary structures of mitochondrial tRNAs also prove to be useful phylogenetic characters showing no reversals. Parallelisms for secondary structures of tRNAs are restricted to deep lineages that are separated by at least 200 million years of independent evolution. Presence of a stem-and-loop structure between the genes encoding tRNA Asn and tRNA c y s , where the replication origin for light-strand synthesis is typically located in vertebrate mitochondrial genomes, is found to undergo at least three and possibly as many as seven evolutionary shifts, most likely parallel losses. This character is therefore a less desirable phylogenetic marker than the other structural changes examined. Sequencing regions that contain multiple genes, including tRNA genes, may be preferable to the common practice of obtaining single-gene fragments for phylogenetic inference because it permits observation of major structural changes in the mitochondrial genome. Such characters may occasionally provide phylogenetic information on relatively short internal branches for which base substitutional changes are expected to be relatively uninformative.
Mitochondrial DNA sequences are currently the most widely used source of phylogenetic information among vertebrates. Most phylogenetic investigations use complete sequences of a single gene or partial sequences of a few genes, genes that typically comprise regions encoding rRNA (12S and 16S) or proteins (most often, cytochrome b, COI, COII, COIII, and ND4). Major structural features of the vertebrate mitochondrial genome that are known to show variation are (1) gene organization, (2) position of the replication origin for light-strand synthesis (O L ), and (3) secondary structures of encoded tRNAs. These structural features are rarely incorporated into phylogenetic studies because regions containing multiple genes must be sequenced to evaluate them.
We have evaluated the evolution and phylogenetic utility of these three major structural features in acrodont lizards and related squamate reptiles. The region analyzed includes one-third of the gene junctions in the vertebrate mitochondrial genome and extends from the protein-coding gene ND1 (subunit one of NADH dehydrogenase) through the genes encoding in, tRNA«e, tRNAMet, ND2, tRNA (Fig. 1 ). This region shows three derived characters shared by all acrodont lizards: a unique tRNA gene order, lack of a recognizable O L , and a derived secondary structure of encoded tR-NA c y s (Macey et al., 1997a (Macey et al., , 1997b (Macey et al., , 1997c (Macey et al., , 1998a .
The evolutionary patterns of these structural charcteristics indicate that they can be a useful source of phylogenetic characters that is not often exploited in phylogenetic studies.
MATERIALS AND METHODS
See Macey et al. (2000) for GenBank accession numbers of. the DNA sequences examined here, and the museum numbers and localities for voucher specimens. Additional sequences that include the tRNA FIGURE 1. Gene order and major structural features of a segment of the mitochondrial genome from acrodont lizards. The gene order observed in most vertebrates is presented in linear fashion at the top of the figure; the segment sequenced for acrodont lizards is enlarged for detail. Three unusual structural characteristics of the acrodont mitochondrial genome occur in this segment. Among the Acrodonta, the tRNA Gln gene preceeds the tR-NA lle gene, the O L is absent or unrecognizable, and the encoded tRNA . The Oplurus O L has a 3'-GCC-5' heavy-strand sequence in the stem region identified as the point of light-strand elongation in mouse (Brennicke and Clayton, 1981) and a heavystrand sequence related to the 3'-GGCCG-5' sequence (underlined with arrows) required for in vitro replication of human mitochondrial DNA (Hixson et al., 1986) . The Chamaeleo O L lacks a 3'-GCC-5' heavy-strand sequence in the stem region but does have a heavy-strand sequence related to the 3'-GGCCG-5' sequence (underlined) downstream from the stem region. In the encoded tRNA c y s , Chamaeleo lacks a D-stem and instead contains a D-arm replacement loop. Note the noncontiguous repeats, boxed and outlined, which are postulated to have formed by slipped-strand mispairing during replication (Macey et al., 1997b) . All three unusual characteristics of the acrodont mitochondrial genome may be evolutionarily coupled (Macey et al., 1997c (Macey et al., , 1998b Secondary structures of tRNAs are inferred from sequences of the genes encoding them based on the model of Kumazawa and Nishida (1993) . The criteria for inferring an O L between the tRNA Asn and tRNA c y s genes include the presence of a possible stem-and-loop structure, a 3'-Gees' heavy-strand sequence identified as the point of light-strand elongation in mouse (Brennicke and Clayton, 1981) , and a heavy-strand sequence related to the 3'-GGCCG-5' sequence required for in vitro replication of human mitochondrial DNA (Hixson et al., 1986) .
Average homoplasy for variable nucleotide positions was estimated by using MacClade (Maddison and Maddison, 1992) as follows. The minimum possible number of evolutionary steps for each variable character, which is equal to one less than the total number of character states observed, was tabulated and summed across all characters. This sum was subtracted from the length of the three equally most-parsimonious trees recovered from phylogenetic analysis of all sites combined (see in PAUP* beta version 4.0bl (Swofford, 1998) to yield the total amount of homoplasy. This total homoplasy was divided by the number of variable sites to obtain the average homoplasy per variable site.
Some changes in major structural features occur on branches that appear not to be well supported in phylogenetic analyses of nucleotide substitutions. A conservative estimate of character evolution was obtained by plotting bootstrap values against decay indices. Branches that do not meet the 95% bootstrap criterion and corresponding decay index for substitutional changes are allowed to vary to minimize inferred changes in the major structural character being studied. Evolution of the character was then evaluated on both the overall shortest tree and the less-resolved tree that minimized evolutionary changes in the character being studied. (Macey et al., 1997a (Macey et al., , 1997c (Macey et al., , 1998a (Brennicke and Clayton, 1981; Hixson et al., 1986) . Therefore, these structures are interpreted as nonfunctional.
RESULTS

Genomic Organization
Some acrodont lizards [Uromastyx (Macey et al., 1997c) , Physignathus cocincinus (Macey et al., 1997c) 
Chamaeleo dilepis
Chamaeleo fischeri
Leiolepis belliana Leiolepis guentherpetersi (Macey et al., 1997a (Macey et al., , 1997c . Bases in capitals are conserved pairings and downstream sequence. Bases in lower case are often paired. Variable positions are labeled with their standard one-letter codes: R = G or A; Y = C or T; B = G, C, or T; and V = G, C, or A. The 3'-GCC-5' heavy-strand template sequence identified as the point of light-strand elongation in mouse (Brennicke and Clayton, 1981 ) is indicated (arrow). The heavy-strand sequence 3'-GGCCT-5' or 3'-GBCCB-5' in the tRNA c v s gene related to the 3'-GGCCG-5' sequence found to be required for in vitro replication of human mitochondrial DNA (Hixson et al., 1986 ) is underlined with arrows. Below the top figure are stem-and-loop structures in the typical position for O L between the tRNA Asn and tRNA c y s genes among acrodont lizards. None of these structures has both functional characteristics. sition for O L between the tRNA Asn and tR-NA c y s genes, only the two Leiolepis species sampled have in the stem region a potential 3'-GCC-5' heavy-strand sequence, identified as the point of light-strand elongation in mouse (Brennicke and Clayton, 1981) (Fig. 2) . The two Leiolepis species do not have a heavy-strand sequence downstream of the stem region related to the 3'-GGCCG-5' sequence required for in vitro replication of human mitochondrial DNA (Hixson et al., 1986) . Among lizards, this sequence is found to vary (Fig. 2) : 3'-GBCCB-5', where B is G, T, or C (Macey et al., 1997a (Macey et al., , 1997c .
Both Chamaeleo species sampled have a heavy-strand sequence downstream of the stem region related to the 3'-GGCCG-5'sequence required for in vitro replication of human mitochondrial DNA (Hixson et al., 1986) . This sequence is present in both taxa as 3'-GTCCC-5\ Most South Asian taxa sampled that have stem-and-loop structures contain the potential heavy-strand sequence, 3'-GBCCB-5', downstream of the stem region. This sequence is conserved across most taxa as 3'-GTCCT-5' but deviates in Calotes calotes, Ceratophora species, and Aphaniotis. Among taxa sampled from Africa and West Asia that were found to Downloaded from https://academic.oup.com/sysbio/article-abstract/49/2/257/1687067/Evolution-and-Phylogenetic-Information-Content-of by guest on 16 September 2017
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Ceratophora tennentii have stem-and-loop structures in the typical vertebrate position for O L between the tRNA Asn and tRNA c y s genes, no potential downstream heavy-strand sequence related to the 3'-GGCCG-5' sequence could be identified.
A minimum of three evolutionary events is required to explain absence of stem-andloop structures in the typical vertebrate po- 
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Psuedocalotes flavigula curred among taxa in each clade and in other acrodont groups (Uromastyx, Hydrosaurus, and the Physignathus cocincinus and Australian-New Guinean clade). In addition, when this character is plotted on the shortest estimate of phylogeny, seven evolutionary events are required, either seven gains of stem-and-loop structures or seven losses. The hypothesis of seven parallel losses is favored because it seems unlikely that stem-and-loop structures would reappear in exactly the same place after they were lost. The loss of a stem-and-loop structure between the tRNA Asn and tRNA c y s genes is shared between Physignathus cocincinus and taxa occurring on the Australia-New Guinea Plate and is postulated to predate 
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Laudakia erythrogastra FIGURE 2. Continued the separation of Southeast Asia from the Australia-New Guinea Plate, hundreds of MYBP (Metcalfe, 1996) . Other losses may have occurred more recently. Macey et al v 1997a Macey et al v , 1997b Macey et al v , 1997c Macey et al v , 1998a ) and this loss is postulated to have occurred in the Jurassic between 210 and 160 MYBP (Macey et al., 1997b (Macey et al., , 1997c . A conservative estimate of character evolution based on the criterion of well-supported branches identified in Figure 3 . The phylogenetic topology is based on nodes that received support from 95% of bootstrap replicates and decay indices of 11 or greater . Black lines indicate taxa in which no stem-and-loop structure could be identified between the tRNA Asn and tRNA c y s genes, whereas open lines denote presence of this structure and cross-hatched lines are equivocal. Note that both the South Asian clade and the African-West Asian clade are variable, and that the evolution of stem-and-loop structures requires a minimum of three events. (B). Character evolution on the shortest estimate of phylogeny, which requires a minimum of seven evolutionary events. Parallelisms are favored because it is unlikely that stem-andloop structures would evolve in exactly the same place after they were lost. D-arm replacement loops also have a standard variable loop of three to five bases. As pairing increases between the D-arm replacement and variable loops, the AC-stem is extended beyond the five bases normally observed in standard tRNAs. In some cases, both the D-arm replacement and the variable loops are completely paired. Tremendous variation is observed also in the encoded A A-and T-stems. If the T-stem shifts, it can provide additional bases to both the variable loop and the AA-stem, with a net. reduction in size of the T-stem and loop.
The tertiary structure of mitochondrial tRNAs that lack a D-stem differs from that of standard tRNAs (Steinberg et al, 1994) . Transfer RNAs lacking a D-stem may extend their AA-or AC-stems (or both) to avert the problem of having a shorter mitochondrial tRNA that must function with protein-synthetic machinery suited to fullsized tRNAs (Steinberg et al., 1994) . The acrodont tRNA Because both the stem-and-loop structure in the typical position for O L between the tRNA Asn and tRNA c y s genes and the tRNAc y s gene have considerable secondary structure, the net increase in secondary structure between the two regions of DNA may be in equilibrium due to constraints on replication. Detailed sampling within other groups of squamate reptiles reported to contain tRNA c y s genes that do not encode a D-stem (Macey et al., 1997b; Macey et al., 1999b) would be an independent way of confirming our observation of longer AAand AC-stems in taxa that lack a stem-andloop structure in the typical position for O L between the tRNA Asn and tRNA c y s genes. tRNA
Asn .-Four potentially novel secondary structures are identified for tR-NA Asn (Fig. 6) . In Acanthosaura copra, a base appears to have been inserted in the AAstem, placing three bases between the AAand D-stems instead of the two normally observed. This alternative secondary structure for tRNA Asn appears to be an autapomorphy in Acanthosaura capra because it appears in no other taxon.
A second potentially novel secondary structure for tRNA Asn is identified between the AC-and D-stems where two bases are observed instead of the single base normally found in that position (Kumazawa and Nishida, 1993) . Physignathus cocincinus and all taxa sampled from Australia and New Guinea have this secondary structural deviation for tRNA Asn . These taxa form a monophyletic group, and our sampling suggests that the addition of an extra base between the AC-and D-stems occurred in the ancestor of all Australian and New Guinean taxa prior to the separation of Southeast Asia, where Physignathus cocincinus occurs, hundreds of MYBP. This extra base appears to have been gained independently in the ancestor of the Sri Lankan genus Ceratophora, a member of the South Asian clade that may have an origin with the Indian Subcontinent .
A third novel secondary structure for tR-NA Asn is observed in an Australian species, Arua modesta, where only a single base was observed between the AA-and D-stems instead of the two bases normally found in that position (Kumazawa and Nishida, 1993) . This structure is an autapomorphy for this taxon and may have evolved fairly recently, certainly after the separation of Southeast Asia, hundreds of MYBP.
A fourth novel secondary structure for tRNA Asn has been reported in the iguanid lizard Basiliscus plumifrons (Figure 2 of Macey et al., 1997c) . In this instance the variable loop is enlarged to seven bases instead of the normal three to five bases and appears to be an autapomorphy for this taxon. . Dashed lines and dots depict potential G-U wobble pairings. Note that as the AA-and AC-stems get longer, the D-arm replacement and variable loops get smaller because of base pairing. Also note that if the T-stem shifts, it may contribute one base to the AA-stem and one base to the variable loop. See Figure 6 for the names of stems and loops in a standard tRNA. Arrows point to sequences that overlap with adjacent genes; sequences to the left overlap with the tRNA 
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A-U nA-UC UU C I (Fig. 6) . The formation of a truncated T-stem in tRNA T y r among the two Acanthosaura species that occur entirely outside the Indian Subcontinent may have evolved after the Indian collision, 50 MYBP. Interestingly, the formation of a truncated T-stem in tRNA T y has been reported also in the gene sequence of the snake, Ovophis okinavensis (Kumazawa et al., 1996) .
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tisfusca appears to encode a tRNA that has an AA-stem of only six pairs instead of seven (Fig. 6 ). This observation is highly unusual, requiring deletions on both sides of the AA-stem. It is an autapomorphy for this taxon. Phylogenetic analysis of these seven derived secondary-structural features of tRNA gene sequences is compatible with our estimate of phylogeny with the observation of a single homoplasy (Fig. 7) . Among the seven characters, three are parsimony in- 
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Acanthosaura lepidogastra
Aphaniotis fusca FIGURE 6. (Continued) secondary structure for the encoded tRNA Asn has been reported in Basiliscus plumifrons, in which the variable loop is enlarged to seven bases instead of the normal five (Fig. 2 of Macey et al., 1997c) . Variation in the number of potential base pairings is observed in the D-stem, which may have from three to six pairs instead of the standard four pairs. This observation is not highly unusual among mitochondrial tRNAs because there is always more than the minimal 12 bases between the AA-and AC-stems (Macey at al v 1997b) . Two nonstandard tRNAs are encoded by sequences of the tRNA T y r gene in Acanthosaura species. Each encoded tRNA has a truncated T-stem that contains less than the 11 bases required to form a normal five-base stem and a minimal one-base loop. Each encoded tRNA has only three base pairings in the stem instead of the normal five pairs. In the sequence encoding tRNA Gln of Aphaniotis fusca, a base pair from the middle of the AA-stem is deleted.
formative and four are autapomorphies, although more detailed examination may reveal that these characters are synapomorphies for groups not sampled extensively (i.e., Basiliscus or the Corytophaninae, Acanthosaura capra, Aura, and Aphaniotis).
We estimate an average amount of homoplasy among the 1,137 variable nucleotide positions used for phylogenetic inference by Macey et al. (2000) of 8.4 homoplastic changes per site. Although rare, tRNA secondary structural changes show considerably less homoplasy than aligned base positions in nucleotide sequences. Macey et al., 1997c Macey et al., 1997c Macey et al., 1997c Macey et al., 1997c Schulte et al., 1998 Macey et al., 1997c Kumazawa and Nishida, 1995 Macey et al., 1997c; Schulte et al., 1998 Macey et al., 1997c Macey et al., 1997c Schulte et al., 1998 Macey et al., 1997a Macey et al., 1997c ; this study Macey et al., 1997c;  this study this study this study Macey et al., 1997c Macey et al., , 1998a , this study Macey et al., 1997c ; this study Macey et al., 1999b; Kumazawa and Nishida, 1995 Macey et al., 1997a , 1999b Unpublished data c Macey et al., 1997a Macey et al., 1997a Macey et al., 1997a Macey et al., 1997a firms uniform absence of a recognizable O L at the typical vertebrate position between the genes encoding tRNA Asn and tRNA c y s . Loss of the stem-and-loop structure is inferred to have occurred at least three times in parallel and may have been lost in seven separate events. Although this feature appears not to be subject to reversal, it has been lost in parallel among the Acrodonta and other vertebrate lineages (Macey et al., 1997a) ; therefore, it is a less reliable phylogenetic character than gene order.
Within iguanian lizards, seven unique secondary structures are observed for mitochondria! encoded tRNAs. These structures include loss or reduction of D-or T-stems, insertion of extra bases between adjacent stems, and the deletion of pairings in the middle of stems. Only a single homoplasy is observed for these secondary structural changes within iguanian lizards (sampled here and in Macey et al., 1997a , 1997b , 1997c , 1998a , Schulte et al., 1998 . Thus, a phylogenetic tree for the Acrodonta derived strictly from tRNA secondary structure is nearly compatible with, although less resolved than, the phylogenetic estimate obtained from DNA substitutional data ( Fig. 7 ; Macey et al., 2000) . We calculate that base positions in the 70 analyzed acrodont sequences show an average of 8.4 homoplastic changes, substantially more than observed for tRNA secondary structural characters (0.14 homoplastic changes per character). Hence, novel secondary structures may be useful phylogenetic
